ABSTRACT Feeding injury caused by nymphs, males and females of the azalea lace bug, Steplwnitis pyrioides (Scott), reduced rates of photosynthesis and transpiration in 'Delaware Valley White' azalea, RllOdodendron mucronatulIl leaves. Females caused substantially more leaf feeding injury than males or nymphs. S. pyrioides was observed to insert stylets through stomata on the lower leaf surface and to feed almost entirely on upper palisade parenchyma tissue by piercing and removing cell contents. Lace bug feeding increased leaf stomatal resis tance which indicated that gas exchange was restricted by stomatal closure. Feeding injury also reduced leaf chlorophyll content and photosynthetic capacity of remaining chlorophyll, but did not consistently affect chlorophyll a:b or specific leaf weight. Net leaf photosynthesis was negatively correlated with stomatal resistance and positively correlated with both chloro phyll content per unit leaf area and photosynthetic rate of remaining chlorophyll. These results indicated that S. pyrioides reduced leaf photosynthesis in azalea by damaging palisade paren chyma which restricted gas exchange through stomata and reduced leaf chlorophyll content and photosynthetic capacity of remaining chlorophyll.
or 6 azalea lace bug nymphs, males or females, were confined to a single leaf on plant using a plas tic sleeve cage ventilated with nylon screen at one end. Leaves of similar size and location on these even-aged plants were used. Pots with plants bear ing caged leaves were arranged on a greenhouse bench in randomized complete block design. plants were watered as usual during the infestation period. Treatments were no cage and no lace bugs, cage in place but no lace bugs added, 2 males, 2 females, 2 third-instars, 6 males, 6 females, and 6 third-instars. Cages and lace bugs were removed after 72 h and plants were allowed to recover from disturbance overnight. Leaf gas exchange measure ments were then made on the injured or caged leaves. Leaves were photographed and computer assisted TV image-capture (Imaging Technology, Woburn, MA) and analysis equipment (Microsci ence, Seattle, WA) was used to determine area in jured as viewed from above. Number of frass spots on upper and lower surfaces was recorded. Leaf chlorophyll content was determined and leaves were dried and weighed.
Trial 2. Cages and procedures were the same as in trial one except that lace bug densities were control with no cage, control with cage, 3 males, 12 males, 3 females, 6 females, 12 females, and 18 females per leaf. The trial was conducted during February 1993. Plant parameters measured were the same throughout all trials.
Trial 3. Azaleas were transplanted to .3.7-liter pots and housed in an outdoor screenhouse. Pots were returned to the greenhouse in September 1993. Leaves were infested with azalea lace bugs in a manner and densities equivalent to those used in trial 2.
Examination of Adult Feeding and Chlorotic Tissue. Adults feeding on azalea leaves were ex amined using scanning electron microscopy. Twen ty leaves with actively feeding females were frozen in liquid nitrogen (-70°C) and then freezed dried under a vacuum. After critical pOint drying, leaves with adults were sputter-coated with 35 nm of gold and examined on a Phillips 505 scanning electron microscope.
Injured leaves were examined histolOgically by cutting pieces of leaf tissue cut from uninjured leaves and leaves with injury by females in trial 2. Leaf pieces were fixed with gluteraldehyde, post fixed in osmium tetroxide, and embedded in Spurr's medium. Sections were cut I pm thick, stained with toluidine blue, and mounted on mi croscope slides. Prepared sections were examined under a light microscope (400X).
Plant Measurements. In all trials, net CO 2 ex change rate (net photosynthesis), leaf stomatal re sistance, and transpiration were measured with a LI-6200 portable closed-gas-exchange photosyn thesis system equipped with a I-liter leaf chamber and the LI-6250 CO 2 analyzer (LiCor, Lincoln, NE). Measurements were conducted a greenhouse equipped \vith high-intensity lights between 1000 and 1600 hours (EDT). Average levels of photo synthetically active radiation were 706, 701 and 810 /.Lmol photonlm2fs for each respective trial. Air temperatures varied from 25 to 34°C. Leaflets were removed from the plant and leaf area mea sured with a LI-3000 portable leaf area meter (LiCor).
In all trials, four disks of tissue were removed from each leaf for chlorophyll analysis. Fresh weights of leaves were determined before and af ter removal of the disks. Leaves were dried at 50°C for 48 h and dry weight was measured. Leaf disks were immersed in N,N-dimethyl formamide for at least 48 h. Concentrations of chlorophyll a and b were determined spectrophotometrically from ab sorbance at 647 and 664 nm with a Spectronic 401 (Milton Roy, Rochester, NY) and using the equa tions of Moran (1982) . Total chlorophyll content was calculated as the sum of chlorophyll a and b and was expressed on the basis of leaf area and dry weight. The ratio of chlorophyll a:b and specific leaf weight (mglcm2) of leaves also were calculat ed.
Statistical Analyses. Leaf area injured and number of frass spots per square centimeter of leaf were analyzed by trial with an analysis of.variance for a randomized complete block deSign. Treat ment means were separated using a protected least signficant difference procedure, and selected treat ment comparisons were made using Single degree of-freedom contrasts (PROC GLM, SAS Institute 1985) . Net leaf photosynthetic rate, leaf stomatal resistance, transpiration rate, chlorophyll content per unit area and per unit of leaf dry weight, pho tos}'l1thetic rate per unit of chlorophyll, chlorophyll a:b, and speCific leaf weight were regressed on leaf area injured or number of frass spots using a linear regression model (PROC REG, SAS Institute 1985) . Pearson correlation coeffiCients of all pa rameters also were calculated (PROC CaRR, SAS Institute 1985) .
Results
Feeding Activity, Leaf Damage, and Frass Production. S. pyrioides adults and nymphs fed almost exclUSively on the abaxial leaf surface. How ever, females at the highest density (18 per leaf) in trials 2 and 3 became increasingly active during the caging interval and were often noted on the upper surface of leaves. Frass spots were usually confined to lower surfaces of leaves, but were occasionally noted and counted on upper surfaces of leaves which supported high numbers of lace bugs. Frass spot numbers provided an index of the amount of feeding by n)lll1phs and adults in each treatment. The number of frass spots increased with increas ing density for nymphs, males and females (Table  I and 2). Females usually produced more spots than males or nymphs at the same denSity.
The range of percentage of leaf injury was lower in trial I than the other trials and only exceeded 25% in the treatment with 6 females per leaf (Ta ble 1). Females caused Significantly more injury than males and nymphs at the same density in all trials (Table 1 and 2). Third-instar nymphs and males produced similar levels of injury at the same densities in trial 1 (Table 1) . Leaf injury also in creased with increasing numbers for nymphs, males, and females in all trials. Females produced more frass spots than males in 2 trials, and frass production increased with bug numbers in all trials (Tables 1 and 2 ). Percentage of leaf injury and number of frass spots were highly correlated in all trials (1: r = 0.90, N 66; 2: r = 0.93, N = 76; injured leaves was almost completely devoid of cell 3: r = 0.89, N = 72; P < 0.0001).
contents including chloroplasts (Fig. 1) . Spongy Histological Examination of S. pyriQides mesophyll parenchyma and epidermal tissues of in Feeding Injury. S. pyrioides feeding causes no jured leaves generally were intact with cells con ticeable leaf chlorosis that is best described as a taining chloroplasts, although some spongy meso stippling type injury. Examination of leaf cross sec phyll cells were devoid of chloroplasts. In all tions revealed that palisade parenchyma tissue of instances where adults were captured while feed- ing, stylets were inserted into the leaf through a stomate on the lower leaf surface.
Feeding Injury and Leaf Gas Exchange. Pho tosynthetic rate declined linearly \\lith increasing level of percentage of leaf injury by S. pyrioides in all trials (Fig. 2) • the relatively low level of leaf injury in most treat ments, the association was poor (r2 = 0.08) in trial 1. Leaf transpiration rate also declined linearly \\lith increasing injury in trial 2 (Table 3) . Con versely, stomatal resistance increased as the per centage of injured leaf area increased in trials 2 and 3 (Table 3) . Stomatal resistance and leaf tran spiration were not significantly affected by S. py rioides injury in trial 1 where lace bug numbers were comparatively low. Chlorophyll content per unit leaf area and per unit leaf weight declined Significantly with increas ing percentage of leaf injury in trials 2 and 3 (Table  4 ). Feeding injury also caused highly Significant linear reductions in net photosynthetic rate per unit of chlorophyll in trials 2 and 3 (Table 4 ). Chlo rophyll a:b and specific leaf weight declined sig nificantly \\lith increasing leaf injury in trial 3 but were not associated \\lith leaf injury in trial 2 . These parameters in trial 1 (Table 4 ) also exhibited the same trend of declining \\lith increasing leaf injury as in the other trials, but regressions of these parameters were not Significant (P > 0.05) for any parameter in trial 1.
Correlation of Leaf Net Photosynthetic Rate with Leaf Parameters. Azalea leaf net photosyn thetic rate was positively correlated \\lith chloro phyll content per unit leaf area in all trials but was only correlated \\lith chlorophyll content per unit leaf dry weight in trial 2 (Table 5) . Leaf photosyn thetic rate and photosynthetic rate per unit of chlorophyll also were highly positively correlated in all trials. Chlorophyll a:b was not correlated \\lith leaf photosynthetic rate in trial 1 and 2 but was weakly associated \\lith leaf photosynthetic rate in trial 3. Specific leaf weight was positively correlat ed \\lith photosynthetic rate in trials 1 and 3 but was not correlated in trial 2. Stomatal resistance was highly negatively correlated \\lith net photo synthetic rate in all trials (Table 5 ).
Discussion
Feeding injury by S. pyrioides reduced chloro phyll content and adversely affected net leaf pho tosyntheSiS and transpiration in azalea. Females fed more, as indicated by numbers of frass spots, and caused substantially more leaf injury than males and third instar nymphs. Although only com Ishihara and Kawai (1981) that S. pyrioides feed on azalea by inserting stylets through stomata on the lower leaf surface and pierce and completely remove cell contents including chloroplasts mostly from the palisade layer of leaf parenchyma tissue. Selective destruction of the palisade parenchyma, which is located below the upper epidermal layer, would explain the silvery chlorotic appearance of leaves injured by S. pyrioides. Although, spongy mesophyll parenchyma mostly remained intact and probably continued to function photosynthetically, damage to palisade parenchyma presumably would disrupt the photosynthetic effiCiency of remaining mesophyll tissue. This would account for reduced photosynthetic capacity of remaining chlorophyll, although it also is possible that the photosynthetic capacity chlorophyll inately varies between differ ent leaf parenchyma tissues in azalea. Further more, the selective loss of ralisade cell contents may partly explain why lea photosynthetic rates were more conSistently associated with chlorophyll content per unit leaf area than per unit of leaf dry weight. In short, S. pyrioides inserts stylets through stomata, penetrates spongy mesopyhyll parenchyma intercellularly and selectively pi!,!rces and removes palisade cell contents.
The physical damage of the palisade tissue by S. pyrioides would explain the observed leaf chlorosis and suggests several possible mechansims by which feeding injury reduced leaf photosynthetic rates in azalea. Feeding impaired photosynthetic capacity of remaining chlorophyll (Le., assimilation per unit of chlorophyll) and reduced chlorophyll content per unit leaf area both of which were highly cor related with leaf net photosynthetic rates. However the association between leaf injury, chlorophyll content per unit leaf dry weight and leaf photo synthetic rate was more variable. Although cause and effect were not determined, it seems likely that S. pyrioides reduced leaf photosynthesis by redUcing both leaf chlorophyll content and pho tosynthetic capacity of remaining chlorophyll. Feeding injury also increased leaf stomatal resis tance, and stomatal resistance was highly negative ly correlated with photosynthetic rates in all trials. Increased stomatal resistance indicates closure of stomata. Other studies of arthropod feeding injury have associated increased stomatal resistance with leaf moisture stress which impairs normal function ., .* Significance at P < 0.05 and P < 0.001. respectively; NS = not Significant.
